ABSTRACT: Phagotrophic protists are diverse and abundant in aquatic and terrestrial environments, making them fundamental to the transfer of matter/energy within their respective food webs. Recognising their grazing impact is essential to evaluate the role of protists in ecosystems, and this includes appreciating prey selectivity. Efforts have been made by groups and individuals to understand selective grazing behaviour by protists: many approaches and perspectives have been pursued, not all of which are compatible. This article, which is not a review, is the product of our discourse on this subject at the SAME 10 meeting. It is the work of individuals, assembled for their breadth of backgrounds, approaches, views, and expertise. Firstly, to communicate ideas and approaches, we develop a framework for selective feeding processes and suggest 6 steps: searching, contact, capture, processing, ingestion, digestion. We then separate study approaches into 2 categories: (1) those examining whole organisms at the community, population, and individual levels, and (2) those examining physiology and molecular attributes. Finally, we explore general problems associated with the field of protistan selective feeding (e.g. linking food selection into food webs and modeling). We do not present all views on any one topic, nor do we cover all topics; instead, we offer opinions and suggest avenues for continued study. Overall, this paper should stimulate further discourse on the subject and provide a roadmap for the future. 
INTRODUCTION
For the purpose of this dicourse, we operationally consider all unicellular eukaryotes that ingest (phagocytise) organic matter as part or all of their source of energy as 'phagotrophic protists'. In particular, we focus on key non-parasitic (i.e. free-living) taxa, with an emphasis on species that are not strictly associated with substrates and are mainly pelagic, although some of our insights may be transferable to other lifestyles. The phagotrophic protists include a wide range of taxa generally within the size range of 2 to 200 µm; however, some amoeboid forms such as radiolaria and foraminifera can attain diameters of up to 25 cm (e.g. DeLaca et al. 2002 , Laureillard et al. 2004 . Phagotrophic protists include strictly heterotrophic taxa as well as mixotrophic taxa that combine phagotrophy and phototrophy by sequestering plastids derived from their prey (kleptoplastidy) or by harbouring complete algal endosymbionts (see Stoecker 1998) . The great abundance of phagotrophic protists in aquatic environments, whether it be in soil interstices, groundwaters, biofilms, ponds, lakes, the open ocean, or a myriad of other aquatic ecotones, makes them fundamental to the transfer of matter and energy within their respective food webs. These eukaryotic microbes exhibit a variety of feeding strategies. This allows them to ingest a wide range of prey types, such as phytoplankton, bacteria, and other heterotrophs, including protists, whole metazoa, and their products (Sherr & Sherr 1997 , Hansen & Calado 1999 . Recognising the grazing impact of such protists is, therefore, essential for the evaluation of their contribution to ecosystem processes, and this clearly includes appreciating prey selectivity.
Over the last few decades there has been a concerted effort by many individuals and groups to understand the selective grazing behaviour of protists. Inevitably, many approaches and perspectives have been pursued, not all of which have been compatible. Fortunately, and appropriately, events such as the 10th Symposium on Aquatic Microbial Ecology (SAME 10) provide a mechanism for discourse and the synthesis of approaches, both practical and conceptual. This article, which we expressly state is not a review, is the successful product of such a discourse. It is the work of individuals, specifically assembled for their breadth of backgrounds, approaches, views, and expertise. We do not present all possible views on any one topic, nor do we cover all topics associated with selective feeding. However, we do offer opinions on several related topics and show avenues that we consider, at present, to provide sensible future directions of study on this key subject.
We have included key or appropriate references for each topic. Hence, while our list of citations may occasionally appear unbalanced, our referencing is specifically designed to place focus on those poorly studied areas that we consider important. The initiated reader will recognise the great wealth of literature on these subjects and will hopefully excuse our omissions. The uninitiated reader is encouraged to pursue the topics below, using this synthesis as a node in the vast web of knowledge on the subject. In contrast to an exhaustive survey, we have attempted to place our ideas into a conceptual framework of protist feeding (Fig. 1) . We anticipate that this will provide focus for future work to be conducted by ourselves and others.
BACKGROUND AND DIRECTION
It is now well established that prey populations can be strongly influenced by protistan grazers. Protists can control or influence distinct attributes of prey populations, ranging from the size of the prey standing stock to its taxonomic composition and to the morphology and activity of prey (Hahn & Höfle 2001 , Jakobsen & Tang 2002 , Sherr & Sherr 2002 , Pernthaler 2005 , Long et al. 2007 , Jürgens & Massana 2008 ). In studies of protist feeding, it is common to determine a single parameter, the 'grazing rate', using approaches such as the dilution technique (Landry & Hassett 1982) and observation of the ingestion of fluorescently labelled prey (Sherr et al. 1987) , among others (for reviews see Landry 1994 , Sherr & Sherr 1997 . However, while the determination of grazing rates is invaluable, such measurements do not improve our understanding of why a prey type is ingested at a particular rate, or indeed why it might be rejected. To make simple predictions of how an ecosystem may respond to protistan grazing, we require an understanding of selectivity. Furthermore, as discussed below (see section 'Placing the observations in a larger context'), information on selective grazing is needed to produce mechanistic mathematical models that simulate the flux of nutrients within microbial food webs (Davidson et al. 1995a , Flynn 2006 . This area of work is fundamental.
Our combined expertise leads naturally to the following structure. First, to allow us to communicate ideas and approaches, we develop a common framework for the processes associated with selective feeding. We then separate approaches to selective feeding behaviours into two categories: (1) those examining whole or- Fig. 1 . Mechanistic steps in protistan prey capture that will potentially vary due to prey selectivity ganisms at the community, population, and individual levels and (2) those examining physiology and molecular attributes. Within each of these categories, we provide background and then suggest avenues for progress, using our conceptual framework as a focus.
DEVELOPING AN APPRECIATION FOR THE MECHANISMS OF PROTISTAN FEEDING
Phagotrophic protists have adopted a variety of methods to acquire food particles (Fenchel 1986 , Jürgens & Massana 2008 , allowing their classification as filter feeders (e.g. ciliates and flagellates that produce feeding currents), diffusion feeders (e.g. heliozoa that radiate axopods with which prey collide), and raptorial-interception feeders (e.g. ciliates, flagellates, and naked amoebae that actively engulf prey). Once intercepted or collected, prey are individually ingested or packaged into food vacuoles, or, in the case of protists such as naked amoebae (Page 1988 , Butler & Rogerson 1997 , foraminifera (Anderson et al. 1991 , Murray 1991 , radiolaria (Matsuoka 2007) , and some heterotrophic dinoflagellates (Jacobson & Anderson 1996 , Hansen & Calado 1999 , Tillmann 2004 , captured by whole cell engulfment using pseudopods that envelop prey, forming 'internal' or 'external' food vacuoles. Some species of dinoflagellates can also extract contents of their prey cells using a peduncle or feeding tube (Park et al. 2006 , Jeong et al. 2007 ). Regardless of the specific feeding process, however, we can recognise several general mechanisms that combine to influence the selection of prey items by protists. These fundamental mechanisms provide us with an underlying conceptual framework.
Mechanistic steps involved in selective protistan feeding
Characteristics of prey cells or populations that potentially influence selective feeding by protists include the release of dissolved chemical cues, prey motility, prey biochemical composition or nutrient stoichiometry, cell surface characteristics, and finally prey size (e.g. Jürgens & Massana 2008) . Prey size is perhaps the most fundamental of these characteristics and clearly influences ingestion and selection (Andersen et al. 1986 , Fenchel 1986 , Epstein & Shiaris 1992 . The role of prey size can be further complicated by aggregation of prey particles, which may increase or decrease the probability of ingestion, such as in protistan feeding on colony forming Phaeocystis (Jakobsen & Tang 2002) . However, unsuitable prey at the large and small extremes of the size range are not behaviourally deselected per se, as the prey are simply too big or too small to be available. In contrast, at intermediate prey:predator size ratios, prey size may be an important parameter in selection and capture, as the relative dimensions of prey and predator will influence contact probability, suitability for capture, and the food value of the prey. As substantial previous work has focused on prey size (e.g. Fenchel 1986 , Jonsson 1986 , Sanders 1988 , Hansen 1992 , 2imek & Chrzanowski 1992 our focus, which seeks to identify new insights related to feeding behaviour, will not re-examine these issues.
As is the case for metazoa, the act of grazing by protists is also composed of a number of separate but linked steps, each of which may be governed by one or many chemical, physical, or biological parameters. The number of steps could, in theory, be virtually infinite, but developing a series of discrete measurable points provides a practical, conceptual framework to base research on. To this end, we have extended the characterisation of heterotrophic flagellate feeding steps of Pfandl et al. (2004) to generate a schematic representation of protist food acquisition, incorporating six discrete steps: searching, contact, capture, processing, ingestion, and digestion ( Fig. 1) .
Searching. Searching for prey by motile predators is influenced by swimming speed and by changes in direction and frequency of turning, as this will alter the volume of water encountered. This behaviour may be affected by the distribution of prey (Fenchel & Blackburn 1999) or predators (Berryman 1992) , or by chemical cues (Buskey & Stoecker 1988 , 1989 . Although chemotaxis and mechanoreception were first recognised in ciliates more than 100 yr ago (Jennings 1906) , and protists are commonly observed to exploit patches of high prey density in situ (Taylor & Berger 1980 , Fenchel & Jonsson 1988 , Menden-Deuer & Grunbaum 2006 , Paffenhöfer et al. 2007 , understanding the role of chemical-mediated prey location in prey selection, involving attraction to dissolved cues, remains in its infancy. Factors important in chemosensory attraction include proteins, amino acids, and other dissolved inorganic or organic nutrients (Rassoulzadegan 1982 , Flynn & Davidson 1993 , Ferrier-Pagès et al. 1998 , Davidson et al. 2005 . Alternatively, other prey metabolites may deter grazing, including dimethylsulfide (Wolfe et al. 1997 , Strom et al. 2003 , dissolved free amino acids (Strom et al. 2007) , and algal toxins (Hansen 1989 , Kamiyama 1997 , Tillmann 2003 , Caron et al. 2004 . Conceptually, chemosensory attraction, particularly to areas of elevated prey density, will reduce future searching time by the protist and increase the potential for predator-prey contact.
Contact. Contact probability between predator and prey will increase with increasing predator size (Flynn et al. 1996) . However, this may be partly offset by reductions in swimming speed with increasing size (Crawford 1992) . Moreover, prey cells are often not passive particles, and their motility will influence contact probability.
Capture. Capture (or prey handling) may be unsuccessful and reduce ingestion rates (Matz & Jürgens 2005 , Jakobsen et al. 2006 . Some prey types can also exhibit behavioural defensive strategies, such as exopolymer formation and aggregation, that minimize contact (Pajdak-Stós et al. 2001) . Finally, prey stickiness (Kiørboe & Titelman 1998) and electrostatic or hydrodynamic factors are important at the micrometer scale; e.g. hydrophobicity may influence contact probability (Buskey 1997 , Monger et al. 1999 , Matz & Jür-gens 2001 , Matz & Jürgens 2005 , as will the forces generated by the highly viscous, low Reynolds number environment in which protists exist (Pettitt et al. 2002) . Flynn et al. (1996) have proposed that it is possible to calculate the theoretical contact probability between predator and different prey in multi-species assemblages and use this as an index of selection or rejection of prey. However, the application of such an approach is made more difficult by the variability in successful prey capture, which, like searching or ingestion, may be influenced by chemical (receptor-ligand interaction) or mechanical factors (Seravin & Orlovskaja 1977 , Hausmann 2002 , Wildschutte et al. 2004 , Jakobsen et al. 2006 .
Processing. Processing (or handling) of food, which can involve receptor-mediated recognition of particles (Wootton et al. 2007) , can be one of the most active steps in overall food selection (Boenigk 2005 , Berge et al. 2008 .
Ingestion. Ingestion sensu strictu is limited by the morphological features of the predator, but unsuitable prey can be rejected (Stoecker et al. 1995 , Boenigk & Arndt 2000 . To (partially) overcome such restrictions, a predator may have the capacity to enlarge its oral region (Kopp & Tollrian 2003a , 2003b or be adapted to digest cells extracellularly. However, in the case of radiolaria, feeding behaviour and diet are clearly related to skeletal morphology, and multi-segmented spumellarians ingest larger-sized prey compared to solitary spumellarians (Matsuoka 2007) . Spinose species of planktonic foraminifera can handle and ingest actively swimming metazoa, whereas non-spinose species may not be able to capture and hold active metazoa (Anderson et al. 1991) . The inability of tube-feeding dinoflagellates to penetrate rigid cell coverings may explain their reduced feeding on diatoms and thecate dinoflagellates (Berge et al. 2008) . In summary, morphology and structure play a major role in ingestion.
Digestion. Digestion appears to be actively regulated, and unsuitable (possibly indigestible) material can be prematurely ejected by some protists, such as flagellates (Flynn & Davidson 1993 , Hansen & Calado 1999 . For some ciliates, in contrast, indigestible material remains within the food vacuoles for its lifespan (Fok et al. 1982) , even though the lifespan of vacuoles containing high amounts of indigestible materials may be shorter than that of vacuoles containing digestible prey (Boenigk & Novarino 2004) . However, the majority of ingested prey is digested, although differential digestion occurs in protists: for example, gram-negative bacteria are generally digested more rapidly than gram-positive cells (Gonzalez et al. 1990 , Weekers et al. 1993 , Ronn et al. 2002 . As discussed below (see section 'Examining behaviours at the population and single cell levels'), although digestion is not strictly part of food selectivity, for experimental reasons it may alter our perception of selective feeding and must, therefore, be considered.
Synthesis
Selective grazing by protists can be represented by six steps (Fig. 1) , each of which can be inferred from theory. Developments in microscopy and chemistry have also elucidated their existence, as briefly presented above. However, the isolation and parameterisation of the mechanisms that underpin selective grazing and its role within microbial food webs remain major challenges. The design of experiments that can quantify the response of, for example, prey capture and processing to external stimuli remains problematic with the experimental tools currently at our disposal. With this in mind, we present and discuss some of the avenues of study that need attention.
EXAMINING BEHAVIOURS AT THE POPULATION AND SINGLE CELL LEVELS
Two major approaches have been used to investigate protist feeding behaviours at the organism level: population-community studies and single cell observations. These distinct approaches have their respective strengths and weaknesses, but there are common areas for development. In this section, following the terminology and concepts outlined above, we summarize the main directions that laboratory and field studies have followed over the last several years and then provide some suggestions for the direction of future work.
Population studies in the laboratory
Typically, most laboratory experiments have focused on population responses of easily cultured taxa, using batch cultures of varying sizes (but see section 'Laboratory approaches towards individuals'). Searching has been explored using preference chambers and needle assays to demonstrate en masse movement of protists, either towards or away from stimuli such as live prey, predators, and chemical cues (Leick et al. 1994 , Fenchel 2004 , Martel 2006 , Leick & Lindemose 2007 ). An alternative method for the indirect determination of parameters such as searching rate and handling time (a combination of contact and capture) is to infer them from the results of experiments that examine functional responses (i.e. grazing rate vs. prey concentration). Response curves are fit to the data, and grazing parameters are determined from mechanistic functions (e.g. Fenchel 1984 ). This indirect approach can be applied to multiple prey species to assess capture success, as has been done by Verity (1991) . However, such studies are few, partially because of their complexity but also because of the difficulty of identifying prey types in mixtures.
The most common laboratory approaches to assess grazing behaviour have used a variety of natural and surrogate prey (discussed in more detail in 'Field approaches towards estimating population-community responses) and have measured either prey removal/ depletion or prey uptake, both of which determine ingestion rates. Prey removal is typically measured either directly (e.g. microscopy, electronic particle counting; Flynn & Davidson 1993) or indirectly (e.g. using prey fluorescence as a proxy for prey abundance). Through such experiments, it is possible to recognise that protists possess prey-dependent ingestion rates (e.g. Eccleston- Parry & Leadbeater 1994 , Parry 2004 , indicating variation in either contact or capture. However, ingestion rates represent nearly the end-point of the entire feeding process (Fig. 1) ; alone, they do not allow recognition of the stages at which feeding behaviour changes. Ingestion rates therefore fail to evaluate the individual processes involved in protist feeding, and like all laboratory work they do not represent the natural environment and may mask or fail to include external factors that alter selectivity (e.g. chemical cues, turbulence regime, light intensity and composition; see section 'Examining behaviours at the molecular and physiological levels').
Field approaches towards estimating population-community responses
In field experiments, a natural community, or a defined size-fraction of a community, is typically contained within a chamber that is then incubated in situ. These chambers may be non-permeable (e.g. bottles, plastic bags; Sherr & Sherr 1993) or permeable (dialysis bags, diffusion chambers; Ferrier-Pagès & Rassoulzadegan 1994, Weisse 1997). In both cases, natural cues that may alter selectivity are included to a lesser or greater extent. As with laboratory studies, both prey depletion and prey uptake approaches have been applied to examine ingestion and prey selectivity by natural assemblages, and like laboratory work, the findings are generally limited to estimates of ingestion, often obviating the potential to examine the specific steps ( Fig. 1 ) associated with selectivity. In addition, the selectivity observed during depletion experiments obviously represents the sum of specific selectivity behaviours of all components of the community.
Some experiments examine the reduction in natural prey (e.g. the dilution approach; Landry & Hassett 1982) , where prey depletion is normally observed as a bulk measurement (e.g. chlorophyll a; Stelfox- Widdicombe et al. 2000) . In theory, both predators and prey might be directly identified. Prey selectivity could then be speculated on. However, such experiments would be difficult to perform with sufficient resolution to determine specific behaviours, as it is exceedingly difficult to assess specific responses of predators and prey in natural samples, and the discrete processes ( Fig. 1 ) associated with the end result -ingestion -cannot be determined.
Other field experiments have measured grazing through the uptake of inert particles, such as heatkilled fluorescently-labelled prey (FLP), produced from either monocultures or a mixed prey community (Epstein & Shiaris 1992 , Sherr & Sherr 1993 , 2imek et al. 2000 , Cleven 2004 ). These experiments also mostly fail to examine prey selectivity, as the resolution provided by staining specific prey types is insufficient to resolve preferences (see section 'Identifying prey').
In the case of larger-sized phagotrophic protists, such as foraminifera, studies examining fatty acid biomarker (Suhr et al. 2003) and cell carbon isotopic composition (Nomaki et al. 2006 ) of individual cells have demonstrated that certain taxa feed selectively. However, these studies do not provide information on why particular prey types are positively or negatively selected.
Laboratory approaches towards individuals
The observation of individual protistan behaviours has a long history (Ehrenberg 1838), but it is only relatively recently that observational techniques have allowed detailed quantitative assessments of prey selectivity (e.g. Holen & Boraas 1991 , Boenigk et al. 2001b , Pfandl et al. 2004 ). Video observations have been used to directly measure individual feeding process stages, such as contact, capture, processing, ingestion, and digestion, particularly in sessile flagel-lates (Boenigk et al. 2001a ,b, Pfandl et al. 2004 , Boenigk 2005 ), drifting or substrate-attached protists (Hausmann 2002) , and planktonic tintinnids, which can be trapped by immobilising their lorica (Taniguchi & Takeada 1988 , Stoecker et al. 1995 . However, these studies are rare and exceedingly difficult to conduct on most motile species (but see Strom & Buskey 1993 , Berge et al. 2008 . Furthermore, few of these studies have been performed using different live prey organisms (Wu et al. 2004 , Jezbera et al. 2005 ).
An exciting new direction for observations of individuals is the ability to track non-sessile cells. In principle, the observation of feeding by individual free-swimming protists has been successfully demonstrated: the feeding current (searching) of swimming protists has been analysed for the flagellates Paraphysomonas and Pteridomonas (Christensen-Dalsgaard & Fenchel 2003) , and the feeding process and food selection (contact and capture) have been investigated for Cyclidium glaucoma by restricting the individual observation time to short intervals (Pfandl 2003) . Furthermore, video microscopy, with computer-aided motion analysis, has indicated that protist searching behaviour can be both chemotactic (stimulus-oriented, directed movement) and chemokinetic (stimulus-induced, non-directed movement) (Leick & Lindemose 2007 , Strom et al. 2007 , as well as being governed by fluid mechanics (Jakobsen et al. 2006) . Video microscopy can also be used to observe feeding mechanisms involved in the capture of different prey types. For instance, in the case of 2 mixotrophic dinoflagellates, Gonyaulax polygramma ingests smaller-sized prey by engulfment through its apical horn, while employing its sulcal area for larger-sized prey (Jeong et al. 2005) , while Karlodinium armiger uses tube-feeding for larger or thecate prey and engulfment of prey or an incomplete extension of the feeding tube for smaller prey (Berge et al. 2008) . Developments in optical and computer-driven technology associated with the direct observation of unimpeded protists should provide exciting avenues for future study.
Finally, although the use of fluid mechanical signals in prey detection by metazoa (e.g. Gilbert 1987 , Kirk & Gilbert 1988 ) and fluid mechanical predator detection by protists (e.g. Jakobsen 2002) is well known, the role of fluid mechanical prey detection by heterotrophic protists is in its dawn. In a recent study, evidence was presented to show that the raptorial ciliate Mesodinium pulex used equatorial cirri (modified cilia) as functional fluid mechanical sensors in the same fashion as the setae on metazoan antennae. In this way, the ciliate discriminated between prey sizes and localised the direction of oncoming prey through fluid mechanical signals (Jakobsen et al. 2006) . Clearly, there is a continued need to discern between chemical and mechanical cues in the selective feeding of protists.
Future directions
In studies of selective feeding, as in most field and laboratory studies, there is a classic dichotomy between the high precision and poor accuracy of laboratory estimates and the higher accuracy and relatively poor precision of field estimates. And, as is typical in most ecological research, it is through a coupling of both laboratory and field work that a closer approximation of reality will be found. We have provided an overview of some of the recent developments in our understanding of prey selectivity at the populationcommunity and individual levels; from these we see the following key issues arising.
Recognising the effect of incubation times. Above, we mentioned a number of methods used to incubate samples to determine ingestion or grazing rates. Preyuptake experiments conducted in the field or laboratory may evaluate intra-and inter-specific variation within populations and communities, respectively. However, such prey-uptake experiments generally involve short-term incubations, so prey-induced changes (e.g. by morphological or chemical factors) in feeding behaviour (e.g. enzymatic induction mechanisms to detect or digest relatively 'recent prey') may not be detected. At present, prey-depletion experiments allow the evaluation of prey selection in population-community studies. Because prey-depletion experiments generally involve long-term incubations, prey-induced changes in feeding behaviour may occur, but may not be detected (e.g. switching behaviour). Recognising the limitations of these experiments and potentially developing new means to elucidate behaviours is clearly an avenue for future work.
Accounting for the effects of digestion. Although few studies have focused on digestion (the final step in our process, Fig. 1 ), it may require careful assessment for studies of selectivity. Following ingestion, prey will start to be digested and prey cells will become less visible and detectable in the protist food vacuoles over time. This in turn may lead to underestimates of calculated ingestion rates for highly digestible prey and the impression that the least digestible prey have been selected for, because only they are still visible in the food vacuoles. 'Short' incubation periods have been advocated to prevent such complications, but these periods will depend on the type of predator and prey, as digestion will still occur at different rates. Egestion of indigestible or hardly digestible prey may occur within minutes after ingestion, reducing the incubation time for unbiased food uptake experiments to very short intervals (Boenigk et al. 2001b . With so little information regarding the digestive stage of the protist feeding process (e.g. Fok et al. 1982 , Dolan & 2imek 1997 , 1999 , Boenigk et al. 2001b Matz et al. 2004 , Jezbera et al. 2005 , it is currently difficult to design prey uptake experiments that account for this parameter effectively; again, we see this as a valuable avenue for continued study.
Identifying prey. Protists exhibit preferences associated with surrogate and natural prey. Although some work has been conducted in this direction (e.g. Montagnes & Lessard 1999), it is clear that this is also an avenue for further study, through both laboratory and field experiments, as previously outlined. In many instances, surrogate prey such as plastic beads and heat-killed prey (Fenchel 1986 , Sherr & Sherr 1993 are discriminated against (Pfister & Arndt 1998 , Pickup et al. 2007 , and their use will bias selectivity experiments; consequently, they are not an ideal tool. However, experiments examining the selection of different live prey items are less common, because present means for the identification of prey types are limited and time-consuming (e.g. microscopy). The study of selective feeding on live prey with distinct morphological or fluorescent signatures (e.g. heterotrophic flagellates, various distinct algae) is possible (Verity 1991 , Flynn et al. 1996 . However, these features are not sufficient to resolve all species, and for small prey of similar shape the problem is even more severe (Wu et al. 2004) .
To resolve this issue, techniques such as density gradient gel electrophoresis (DGGE) and fluorescence in situ hybridization (FISH) promise to be useful tools to monitor changes in prey community profiles (Ronn et al. 2002) or to detect prey species within the protist food vacuoles (Jezbera et al. 2005 (Jezbera et al. , 2imek et al. 2007 . Developments in flow cytometry may also allow the rapid discrimination between prey groups (Vázquez-Domínguez et al. 2005) , and through cell sorting in combination with molecular or chemical tracers they may allow the physical separation of prey and predators. The few studies that have employed such techniques provide evidence for prey selectivity or suggest the potential to do so. We see this as a sensible avenue of technological exploration.
Improving video surveillance. As indicated above, investigations that study selective feeding by individual protists are largely restricted to sessile or immobilised protists. Selective feeding in motile individuals, which is more relevant in freshwater and marine pelagic systems, has rarely been investigated at the single cell level, due to methodological limitations (but see Pfandl 2003) . Individual observations are, however, crucial for the assessment of the basic mechanisms of food selection. A major issue is to overcome the current methodological limitations and to extend video observations to motile species. With recent developments in microprocessor-controlled automatic imaging systems and software technologies, we consider the continued application of methods presently applied to observing behaviours of metazooplankton and protists (Kiørboe et al. 1996 , Jakobsen et al. 2006 , Strom et al. 2007 ) to be an essential future activity.
Determining the relevance of fluid mechanical signalling. Understanding the role prey behaviour plays in protist feeding requires broad experimental studies of swimming behaviour of prey (e.g. bacteria, flagellates), coupled with predator-prey encounter studies. We suggest that, using recently developed methods and following the example of others (e.g. Jakobsen & Hansen 1997 , Jakobsen 2002 , Jakobsen et al. 2006 , continued emphasis should be placed on distinguishing mechanical signals from other stimuli for selective feeding. In addition, the evaluation of mechanisms involved in the sensory transduction of mechanical stimuli should be addressed.
Examining ecologically relevant species and conditions. Regardless of whether experiments were performed on individual cells or populations, most laboratory studies have, pragmatically, used easily cultured predators and prey, and many studies use high prey abundance relative to in situ levels. 'Weed' species are ideal for examining variability between individuals or between populations, as well as for the study of trends in prey selectivity and major mechanisms underlying the process (Nanny 1980) . However, this approach does not necessarily lend itself to predicting trends in natural environments. Furthermore, protists may exhibit specific patterns of prey selectivity in laboratory experiments when they are acclimated to saturating levels of optimal prey that may not reflect in situ conditions. It may seem axiomatic, but there is a continued need to experiment with such weed species that are more difficult to culture, both predator and prey, under near natural conditions. Continued efforts must, therefore, be made to develop means to culture these species, and funding agencies should recognise the need to develop these fundamental methods.
Coupling lab and field work. Finally, there is a continued need to critically assess and verify conceptually correct conclusions based on laboratory cultures with field measurements. We strongly support the comparison of laboratory and field studies, ideally on nonweed species (see section 'Examining ecologically relevant species and conditions'), using common methodologies. To this end, we also suggest that laboratory work should attempt to better mimic natural abiotic (e.g. turbulence, temperature, light intensity and spectral composition) and biotic conditions that might control selective feeding behaviour; for instance, future laboratory studies might examine selective feeding in the presence of mixed prey, using new methods for prey identification (see section 'Identifying prey').
EXAMINING BEHAVIOURS AT THE MOLECULAR AND PHYSIOLOGICAL LEVELS
Experiments examining protist behaviours at the physiological level have mainly focused on changes in feeding selectivity associated with predator nutritional state (Jürgens & DeMott 1995 , Christaki et al. 1998 . We concentrate on the results of these experiments and pay particular attention to both molecular mechanisms and prey physiological effects on selective feeding behaviour. We start by introducing molecular mechanisms potentially involved in selective feeding, and highlight the difficulty of studying these mechanisms in isolation.
The molecular detection of prey by protists can occur at 4 of our 6 steps ( Fig. 1) : during searching, in response to dissolved chemical cues, and then during capture, processing, and ingestion, all three of which involve surface recognition of prey. We discuss primarily receptor-mediated processes involved with these 4 steps, although it is worth noting that sensing of dissolved chemical stimuli can also involve alternative mechanisms. For example, rather than binding to cell surface receptors, the attractant ammonium chloride diffuses as ammonium across the cell membrane of the ciliate Paramecium, which results in altered swimming behaviour (Davis et al. 1998) .
Feeding experiments using predatory ciliates demonstrate the involvement of molecular mechanisms in predator-prey interactions: predatory ciliates locate (search for) their ciliate prey by responding to dissolved proteinaceous compounds released by the latter (Morelli & Verni 1996) . Prey ciliates can, in turn, detect predator-released substances that stimulate them to transform into predator-resistant phenotypes by deploying antipredator structures such as spines, keels, or ridges (Wicklow 1997 , Kuhlmann et al. 1999 , Jakobsen & Tang 2002 , thus reducing risk of capture.
Although both carnivorous (Morelli & Verni 1996 ) and herbivorous (Strom & Buskey 1993) protists show behavioural responses to chemosensory signals released by their prey, it remains difficult to determine how this type of chemoreception is used to select between different prey species because other prey variables may influence prey contact and capture. For example, Buskey (1997) demonstrated that a pallium-feeding dinoflagellate exhibits a distinct preference for diatoms over dinoflagellates when offered a mixed assemblage. His experiments provide indirect evidence that chemosensory perception influences the feeding selectivity for this predator, with the dinoflagellate exhibiting a behavioural response (searching) to chemosensory signals associated with the phytoplankton prey. The study also demonstrated, however, that other factors in addition to chemosensory behaviour play an important role in feeding selectivity, with prey motility acting as a key selection parameter in successful capture: Buskey (1997) observed that the dinoflagellate frequently lost contact with the highly motile dinoflagellate prey before capture occurred, but this was not observed with the non-motile diatoms. Thus, we still require methods to dissect the individual feeding processes (Fig. 1) .
Quantifying the extent to which cell surface recognition (capture and processing) is used to select between different prey species also remains problematic. Although the ability of protists to discriminate between particles based on surface biochemical composition has been demonstrated using beads coated with different compounds , Wootton et al. 2007 , these experiments fail to indicate the direct use of these mechanisms in prey selection.
Experimental approaches and interpretations
Unlike community studies, experiments investigating how predator and prey physiology influences selective feeding behaviour have focused on protist cultures rather than natural assemblages, allowing better assessment of the mechanisms. These studies can be separated into two main categories, relating to predator or to prey physiology, depending on the perspective of the encounter.
Changes in selective feeding relating to predator physiology. The degree to which predator satiation and prey concentration affect selective feeding can vary considerably between different predator species. For the bacterivorous interception-feeding flagellates studied by Jürgens & DeMott (1995) and Boenigk et al. (2001a) , increased selectivity occurred after acclimation to higher bacterial concentrations (~10 7 cells ml -1
). At these high prey abundances, typically greater than those found in natural pelagic environments, several flagellate species actively selected for bacteria over latex beads; however, discrimination was not observed at lower concentrations. In contrast, Christaki et al. (1998) observed that two ciliate species exhibited a higher degree of selectivity at limiting food concentrations. Under these conditions, both ciliates displayed greater particle discrimination when fed beads with different surface properties, although the degree and direction of selectivity differed between species. Clearly, there is interaction between factors such as prey concentration and selectivity. In addition, protists display taxon-specific responses. To evaluate the latter, it is necessary to examine at which step selectivity occurs.
The mechanisms behind changes in feeding selectivity with predator nutritional state are poorly understood, but could be linked with changes in prey recognition at the capture or processing stages . Based on the limited work on the biochemical mechanisms for prey recognition by free-living protists, carbohydrate-protein interactions appear to play an important role. In certain amoebae, for example, galactose/N-actetyl-galactosamine-binding and mannose-binding lectins are involved in the attachment (capture) and uptake (processing and ingestion) of prey (Allen & Dawidowicz 1990 , Venkataraman et al. 1997 . Furthermore, the dinoflagellate Oxyrrhis marina can use a Ca 2+ -dependent mannose-binding lectin to recognise (capture) and phagocytise (process and ingest) prey (Wootton et al. 2007) . Now that these receptors have been identified, the next logical avenue is to determine their specific role in selective feeding and investigate changes in receptor expression with predator physiological state.
Changes in selective feeding relating to prey physiology. The C:N:P ratio is often used to indicate nutritional stress in phytoplankton and bacteria. Some protists may discriminate between prey of different nutritional state and elemental ratio; for example, flagellates may ingest N-replete (low C:N ratio) phytoplankton prey at a greater rate than N-deplete cells (Verity 1991 , Flynn et al. 1996 , John & Davidson 2001 . Flagellates may also discriminate between bacterial prey based on different C:P and N:P ratios, with low C:P bacteria being ingested at higher rates (Shannon et al. 2007 ).
Again, the mechanisms behind such selective feeding are poorly understood. Although molecular mechanisms may be involved, there is no direct experimental evidence to demonstrate this at present. For example, cell surface N-actetyl-glucosamine expression of a photosynthetic dinoflagellate changes with N-status of the cell (Kremp & Anderson 2004) . Because cell surface sugar moieties appear to act as ligands for predatory protist lectins (Wootton et al. 2007) , the variable expression of cell surface carbohydrate residues by the prey may affect cell surface recognition (capture and processing) by the protist predator. This has, however, yet to be studied experimentally using live prey. The release of signal molecules, such as amino acids, may also be expected to change with the nutritional status of phytoplankton cells (Granum et al. 2002) , because amino acids act as attractants for many protists, including flagellates and ciliates (e.g. Sibbald et al. 1987) . However, there is presently no direct evidence demonstrating that chemoreception (searching) is responsible for changes in selective feeding in relation to prey nutrient stoichiometry.
Other prey variables that potentially affect this type of selective feeding behaviour have been mentioned above (see section 'Developing an appreciation for the mechanisms of protistan feeding') and include the release of defence metabolites, changes in prey size, motility, charge, and, hydrophobicity , Pohnert et al. 2007 ). How these factors vary with prey physiological state, and hence affect selective feeding, clearly requires further investigation to better understand observed selective feeding behaviour.
Future directions
It is evident that a better understanding of the underlying biochemical mechanisms determining selective feeding behaviour is required. Within the last 2 decades, substantial progress has been made in identifying molecular aspects of cell recognition and prey detection in model protist species. However, we still have a limited understanding of the relevance of these mechanisms in a broader ecological context. To address this, we suggest the following avenues for future work.
Understanding the mechanisms behind the detection of dissolved chemical cues. Biochemical, molecular, and genomic studies have enabled the identification of many molecular components that participate in the regulation of chemotaxis, e.g. for the social amoeba Dictyostelium (Parent & Devreotes 1999 , Chung et al. 2001 , Jin & Hereld 2006 ) and for the model ciliate Paramecium (Van Houten et al. 2000 , Bell et al. 2007 . A similar approach needs to be pursued for a broader range of environmentally relevant protists, focusing on the determination of the ecological and biogeochemical relevance of chemosensory behaviour (e.g. Hartz et al. 2008) . We see this cross-disciplinary avenue of research as an opportunity for future collaboration of researchers in a variety of fields.
Unravelling the mechanisms involved in cell surface recognition. Initial work has been undertaken to improve our understanding of cell surface biochemical prey recognition by protists. Several potential phagocytic receptors and prey ligands to which they bind have now been identified for protists (Allen & Dawidowicz 1990 , Venkataraman et al. 1997 , Sakaguchi et al. 2001 , Wootton et al. 2007 . Further work should involve the identification and purification of additional receptors, and subsequent characterization of their role in selective feeding. As genomes of an increasing number of protists are being sequenced, proteomic analysis of phagosomes and cell surface proteins should prove useful in revealing potential prey recognition receptors. This technique has already enabled an increased understanding of the molecular mechanisms behind phagocytosis in the model protists Tetrahymena, Entamoeba, and Dictyostelium (Rezabek et al. 1997 , Okada et al. 2005 , Jacobs et al. 2006 . Again, we see the next step as applying and adapting techniques to more ecologically relevant taxa, first in the laboratory and then, once appropriate methods are established, in the field.
Determining the relevance of these mechanisms in selective feeding. Identification and characterisation of receptors and ligands involved in the response to dissolved chemical cues and in cell surface recognition will improve our ability to study molecular aspects of feeding in isolation (Fig. 1) . We may find that, for many protists, molecular mechanisms mainly act to increase feeding efficiency on live prey in general and do not play a major role in determining selection between different prey species. For highly specialized protist predators, however, biochemical prey recognition is likely to drive feeding behaviour and prey selectivity. For instance, dinoflagellates often exhibit a high degree of prey specificity (Hansen & Calado 1999 , Tillmann 2004 ); e.g. the mixotroph Fragilidium subglobosum feeds exclusively on species from the genus Ceratium, preferring Ceratium tripos to Ceratium furca or Ceratium fusus (Skovgaard 1996 , Hansen & Nielsen 1997 , and the mixotrophs Ceratium and Dinophysis feed predominantly on ciliates (Jacobson & Andersen 1994 , Smalley et al. 1999 . The mechanisms behind these extreme examples of selectivity are presently unknown. Planktonic host -parasite interactions are also expected to involve biochemical cell recognition, with one strain of the endoparasitic dinoflagellate Amoebophrya sp. only being capable of infecting species of the genus Alexandrium when presented with a range of potential dinoflagellate host species (Kim 2006) . Without further knowledge of the mechanisms involved in prey recognition, we lack a fundamental understanding of how protist predators feed and hence will experience difficulties in applying the findings of isolated laboratory and field experiments to natural assemblages as a whole. It is clear that the environmental implications of this research area require continued consideration.
PLACING THE OBSERVATIONS IN A LARGER CONTEXT
The past several decades of research on microbial food webs and, specifically, on protist selective feeding have dramatically changed our perception of microbial feeding interactions. Protists are increasingly recognised as highly specialised consumers. Having unravelled so many mysteries of selective feeding by protists, we are now beginning to place the pieces into context. In this final section, we have identified several broad avenues towards this ultimate goal.
Towards a general picture
First, we must identify general patterns and dominant peculiarities related to feeding behaviours. However, in contrast to our recognition of the great diversity of protists (Vaulot et al. 2002 , Baldauf 2003 , current knowledge of different feeding behaviours remains largely based on limited field and laboratory experiments, focusing on either functional groups (2imek et al. 2000) or few laboratory weed species (e.g. Fenchel 1984 , Boenigk & Arndt 2000 . The relevance of the discovered selection mechanisms must be critically evaluated using prey organisms that are important in the field (Wu et al. 2004) . Again, there is an ultimate need for isolating and culturing many more protist strains as a basis for in-depth investigations of specific behaviours and selection mechanisms. We encourage culture collections, researchers, and funding agencies to recognise this need.
Linking food selection with the natural environment
In situ feeding behaviour in phagotrophic protists can be regulated both by their internal environment (e.g. feeding ultrastructures, chemoreception capacities, physiological state, feeding history) and the external environment. The external environment includes variables dependent on the availability and characteristics of prey (e.g. abundance, size, mobility, biochemical composition, physiological state, surface characteristics, grazing resistance properties) and variables independent of prey. Among the latter, temperature (Sherr et al. 1988 , Tobiesen 1990 , light intensity (Stoecker & Guillard 1982 , Hansen & Nielsen 1997 , Strom 2001 , ultraviolet radiation (Hessen et al 1997 , Ochs & Eddy 1998 , nutrient concentrations (Ucko et al. 1994 , Legrand et al. 1998 , Granéli & Johansson 2003 , turbulence (Shimeta et al. 1995 , Peters et al. 1996 , Dolan et al. 2003 , suspended non-grazable particles (Hansen et al. 1991 , Boenigk & Novarino 2004 , and particularly bioactive compounds and toxic compounds (Hoffman & Atlas 1987 , Al-Rasheid & Sleigh 1994 can regulate feeding activity in phagotrophic protists, but their role in selective feeding has rarely been specifically investigated. Most of these abiotic external variables can either directly affect the feeding behaviour of phagotrophic protists, or indirectly influence them through changes upon their prey. These external variables can potentially impact all 6 discrete feeding phases of phagotrophic protists (Fig. 1) , and, in case their impacts are prey-dependent, feeding selectivity will also be altered. If we plan to extrapolate the findings of laboratory and field studies on protist selective feeding to the natural aquatic environment, then we must attempt to better mimic the variables that con-trol selective feeding behaviour. Therefore, although our assessment has focused primarily on the organisms, we remind the reader not to forget the external environment.
Linking food selection with food web effects
Once the key components and controls have been adequately identified, the next big issue will be to place food selection behaviours (individual and general) into the context of food web interactions. In situ, the protistan grazer community and related aspects of its prey selectivity are obviously shaped both by inherent bottom-up factors and predation pressure on protists themselves. Furthermore, once we recognise the mechanisms associated with selectivity, we will be better prepared to examine how abiotic factors (turbulence, light, temperature, pH) may alter behaviours. The interplay of these factors can regulate community dynamics and selectivity of protists in situ (e.g. 2imek et al. 2006) . Ultimately, these aspects must not be forgotten in either field studies or model simulations of ecosystem dynamics.
Historically, mathematical ecosystem models have paid relatively little attention to protist grazing, never mind selectivity (Davidson 1996) , but authors such as Flynn (2006) argue strongly for the inclusion of mechanistic processes such as protist selective grazing in such models. A small suite of studies have attempted to use models to examine particular aspects of selective grazing with a focus on microbial cell size distribution and predator-prey dynamics (Kiefer & Berwald 1992 , Strom & Loukos 1998 . Such attempts need to be extended, specifically considering the molecular and behavioural basis of food selection as generally outlined above.
An operational model of selective protist grazing based on our schematic representation in Fig. 1 would contain a very large number of parameters, which would require considerable advances in experimental technique, as discussed above (see sections 'Examining behaviours at the population and single cell levels' and 'Examining behaviours at the molecular and physiological levels'). An initial challenge to modelling will, therefore, be to conduct sensitivity analyses of simple models of selective grazing, based on structures similar to those outlined above (Fig. 1) , to assess the parameters most critical to model performance. This in turn will guide future experimental efforts. Therefore, we encourage and applaud the continued interdisciplinary collaborations of modellers and experimental scientists who integrate potentially important subtleties such as feeding behaviour into the larger ecosystem context.
From behaviour to element flow
Ultimately, many ecosystem studies focus on the flow of biomass, typically represented by carbon, nitrogen, or phosphorus. In this paper, we have primarily dealt with prey selection based on taxa. Even more complex, however, are the links between protist food selection and element transfer in food webs. For instance, differential digestion, element conversion, and metabolic pathways will further modify the feeding interactions. With respect to nutrition and element flow, these factors must ultimately be considered as part of the selection process , Mitra & Flynn 2005 , Davidson et al. 2007 .
Some modelling work has addressed these issues of element flow with specific relevance to selectivity. For example, Stolte et al. (2007) modelled the effect of allochthonous dissolved organic matter on grazing on poorly edible phytoplankton, and Davidson et al. (1995a Davidson et al. ( , 1995b ) used the C:N ratio of prey and predator as indices of the potential for selectivity. Furthermore, recent theoretical work has developed models that incorporate aspects of protistan selective grazing; e.g. Mitra et al. (2003) and Mitra & Flynn (2005) developed models that incorporate factors such as variable maximum ingestion rate, assimilation efficiency, and 'stoichiometric modulations'. We consider the extension of such approaches to be a logical avenue for future progress in ecosystem food web ecology. However, we emphasise two caveats: the modelling must not be conducted in isolation; it requires sound parameterisation by laboratory work and continued 'ground-truthing' through field studies.
Experimental design
Underlying laboratory and field studies as well as model applications of concepts and parameters, we must remember that there is a need for good experimental design and data analysis. Although not explicitly dealt with in this paper, we know, from our collective experiences, that an unacceptable portion of the work on selective feeding (some published and much unpublished) is based on an inadequate foundation (i.e. poor experimental design and inappropriate numerical-statistical analysis). Here, we have encouraged several avenues for experimentation and observation on protistan feeding behaviours, in places suggesting state-of-the-art technologies, many of which will produce copious data. We also encourage continued careful design of experiments, e.g. considering pseudoreplication (Hurlbert 1984) , the number of replicates (Roa 1992) , and even whether or not to replicate at all (Montagnes & Berges 2004) .
From mechanisms towards selection
In conclusion, we emphasise that there is a need to identify the key processes that are applicable across systems; i.e. the comparison of free-living protist food selection with that of metazoa and parasitic protists. Identifying similarities and dissimilarities and the fundamental mechanisms behind these patterns will certainly reveal key underlying processes and critical differences. We have not dwelt on the massive literature on selective feeding that exists beyond the protists (e.g. Brooks & Dodson 1965) , but this must always be considered, and the uninitiated reader is encouraged to do so. However, once general selection mechanisms (e.g. Fig. 1 ) are identified, quantified, and considered in a larger context, the next challenge will be to analyse their impact on in situ feeding interactions . Continued interaction and dialogue between researchers studying selective feeding in the laboratory and field is essential, and we thank SAME 10 for providing the opportunity for such a discourse and encourage its continuation, both informally and formally, through other meetings. 
